Several reports demonstrating the presence of messenger RNAs for sperm-specific nucleoproteins, the protamines PRM-1, PRM-2, and the transition protein TP-1 as well as β-actin, c-MYC, HLA1, and β 1 integrin have challenged the accepted view of the transcriptional dormance of terminally differentiated spermatozoa. Whatever nuclear activity the ejaculate spermatozoon may possess, these data suggest that spermatozoa are a repository of information regarding meiotic and post-meiotic gene expression in the human and are likely to contain transcripts for many homologues of genes identified from animal models, which play an essential role in spermiogenesis. The use of ejaculate spermatozoa as a wholly non-invasive biopsy of the spermatid should now be evaluated. At the same time, spermatozoal RNAs require further analysis and characterization. One explanation for their persistence in ejaculate spermatozoa is that they serve to equilibrate imbalances in spermatozoal phenotypes brought about by meiotic recombination and segregation. Transcript exchange is likely considering the presence of inter-cellular cytoplasmic bridges between haploid spermatids, which also offers a route for the translocation and expansion of non-mendelian traits linked to retrotransposon activity.
Y-chromosomal genes associated with human infertility
The complex cellular changes and molecular events which accompany spermatogenesis provide an ideal model system for the study of differentiation. A unique aspect of this particular developmental system is that gene expression continues in the haploid stages of spermiogenesis where spermspecific differences might be expected as a result of allelic segregation. The human is not a practicable subject in which to study these events except where infertility is suspected or confirmed. However, contemporary reports on the reduction in human sperm counts (Carlsen et al., 1992; Pajarinen et al., 1997) and the increased incidence of abnormalities such as maldescent and malignancy of the testis, both of which have been associated with suspected anti-androgens generated by human activity (Sharpe and Skakkebaek, 1993) , have sparked a renewed interest in molecular aspects of human spermatogenesis and in the ejaculate cell itself.
Considerable progress has been made in identifying the genes which most profoundly effect human male fertility starting with the detection of gross deletions in the distal portion of Yq by cytogenetic analysis (Tiepolo and Zuffardi, 1976) . The subsequent discovery of microdeletions (MD) in the Yq11 region of oligozoospermic and azoospermic men using a panel of short oligonucleotide primers spanning interval 6 (Vogt et al., 1992) , previously suspected as the most likely location of the gene(s) for the azoospermic factor AZF (Vergnaud et al., 1986) was the next step forward. A year later, an open reading frame coding for a Y-chromosome RNA recognition motif (YRRM-1) binding protein was shown to be partially or wholly deleted in two patients suffering from nonobstructive azoospermia .
The absence in several azoospermic subjects of MDs within YRRM-1 (Kobayashi et al., 1994) pointed towards alternative genes as causal factors. Another RNA binding protein mapping to a region outside that containing the YRRM genes was duly uncovered (Reijo et al., 1995) and named Deleted in AZoospermia (DAZ). Several publications since have indicated that the overall frequency of DAZ and YRRM (redesignated RNABindingMotif) mutations in idiopathic azoospermia and severe oligozoospermia is~15%. As first suggested by Nakahori et al. (1996) , three distinct non-overlapping subregions in Yq11, giving rise to different phenotypes have been described (Vogt et al., 1996) , one of which (AZFa) must contain a gene or genes involved in spermatogenesis in addition to RBM-1 (mapped to AZFb) and DAZ (mapped to AZFc). A functional DAZ homologue, DAZH or DAZLA, has been located on chromosome 3 (Saxena et al., 1996; Yen et al., 1996) indicating that the Y-located gene arose by translocation, duplication and post-replication processing of the autosomal homologue (see section 5, below). A similar tandemly repeated array has been reported for another gene, testis-specific protein, Y-encoded (TSPY), itself located within one block of the duplicated Y(DY)Z5 tandem repeat array on human Yp. This gene is thought to be involved in the transition from spermatogonia to primary spermatocytes (Schnieders et al., 1996) . However, there is no data linking it with non-obstructive azoospermia. While the precise functions of RBM-1 and DAZ are not known, studies of the DAZ homologue in Drosophila indicate an important role in meiosis (Eberhart et al., 1996) .
The presence of MDs in Yq11 is likely to be supplemented by still smaller deletions and single point mutations, with the final percentage of infertile men carrying some form of mutation rising to a higher value than the currently estimated 15%. However, two recent studies failed to detect either point mutations or deletions in the DAZ gene of a number of azoospermic men (Simony et al., 1997; Vereb et al., 1997) suggesting that a high percentage of idiopathic infertility is likely to have different molecular aetiologies which are autosomally linked , possibly including the homologue of DAZ (Saxena et al., 1996; Yen et al., 1996) . In this respect, it is surprising how little we know about the molecular events accompanying the formation of the human spermatozoon, since the only justification for such investigations would relate to fertility assessment. As a consequence of this, almost all research into normally fertile subjects is carried out on animal models, principally the mouse and fruit fly, experimentation on which is far less restrictive. Several detailed reviews on the subject of murine spermatogenesis include Eddy et al. (1993 ), de Kretser (1993 , Grootegoed et al. (1995) and Nayernia et al. (1996) , while spermatogenesis in the fruit fly has been reviewed recently by Hennig (1996) .
These studies have given us considerable insights into the developmentally controlled genes which accompany spermatogenesis and the structural genes which participate in the production of spermatozoa. With the increasing molecular evidence suggesting that ejaculate spermatozoa may be an effective alternative to invasive testicular biopsy, it may now be possible to make more widespread use of the fertile human in investigative studies into male fertility and its environmentally-induced reductions.
Temporal and regulatory aspects of gene expression during spermatogenesis
All mammals investigated to date follow equivalent temporal paths of spermatozoal differentiation, various aspects of which have been reviewed previously (Hecht, 1990 : Barouki, 1992 . Common to all of these is a coordinated programme of gene expression events, modulated by a range of RNA transcription factors of which the testis determining factor, SRY is a typical example. Homeobox, zinc-finger (ZF), helix-loop-helix, and leucine zipper proteins are all represented in the richly detailed spermatozoal differentiation programme itself (Eddy et al., 1993; Wadewitz et al., 1993; Lamb, 1995) . However, it is the complexity of spermatozoal differentiation and the underlying controls and checks which ensure a continuous supply of these haploid cells which makes the subject so interesting to molecular and cell biologists alike.
Using Northern blot analysis or cDNA library screening, various workers have identified a large number of genes which are either transiently or persistently expressed in developing spermatocytes. Many of these are unique to the testis, while others are unusually sized testis-specific transcripts or alternatively spliced variants of somatically expressed genes. Intriguingly, transcription of many genes occurs in the post-meiotic stages of spermiogenesis, with a large number of mRNAs stored for long periods in the non-polysomal messenger ribo-670 nucleoprotein (mRNP) compartment prior to their translation in round spermatids (Hecht, 1990; Eddy et al., 1993; Penttilä et al., 1995) . There is also intriguing evidence that many transcripts survive the condensation of the spermatid nucleus and are present in ejaculate human spermatozoa (Chiang et al., 1994; Kumar et al., 1993; Miller et al., 1994; Wykes et al., 1997) . This will be discussed in a later section.
A general chronology of spermatogenic gene expression has been reported by Hecht (1990) for a number of important proteins. In general, transcription occurs all the way through spermatogenesis from spermatogonia to the haploid roundelongating spermatid stage. During this period, protein synthesis is strictly ordered with histones expressed in spermatogonia and not replaced by protamines until the postmeiotic elongating spermatid stages (Kleene et al., 1984) . Other proteins which do not appear until after the completion of meiosis include testis-specific γ-actin (Kim et al., 1989) , the germ-cell specific variant of angiotensin converting enzyme, ACEg (Krege et al., 1995) , the murine t-complex polypeptide-1 (Willison et al., 1986) , glyceraldehyde-3-phosphate dehydrogenase (Welch et al., 1992) , protamines Prm-1 and Prm-2 (Kleene et al., 1984) and transition proteins Tp-1 and Tp-2 among others. Proacrosin is known to be expressed during meiosis in the mouse , but is postmeiotically expressed in rats, boars and bulls (Raab et al., 1994) .
While a detailed discussion is beyond the scope of this review, it is worth reminding ourselves that proto-oncogene expression is as important in spermatogenesis as it is in other development systems, and the reader's attention is directed to the review of Martin et al., (1993) in this respect. The ubiquitous role of cAMP regulatory elements and their binding proteins is worthy of a special mention, however, due to their central involvement in the signalling pathways which regulate haploid gene expression. For example, the cAMP regulatory element modulator activator protein, CREM tau, is restricted to haploid germ cells and is phosphorylated by a germ cellrestricted protein kinase A (PKA) (Delmas et al., 1994) . Hence, CREM tau is a specific target of the adenylyl cyclase pathway during spermiogenesis. Mice in which CREM has been deleted are infertile (see below: Blendy et al., 1996; Nantel et al., 1996) . Interestingly, acrosomal exocytosis fails to take place in the presence of H-89, a PKA inhibitor (Garde and Roldan, 1996) , suggesting that cAMP-mediated changes in PKA are, in part, responsible for signalling the acrosome reaction. Several proto-oncogenes and protein kinases are exclusively expressed in haploid spermatids (Martin et al., 1993) and the calcium calmodulin-dependent protein kinase and male germ cell-specific calmodulin-binding proteins, both derived from the same gene, conveniently illustrate the concept of differential RNA splicing as an effective way of generating alternative, haploid-specific gene transcripts (Means et al., 1991) .
When does transcription occur and what regulates mRNA translation? The presence and length of both 5Ј and 3Ј untranslated regions (UTRs) is now thought to be important as initially demonstrated by the mitochondrial electron transport protein, cytochrome Ct. This protein was first visualized in meiotic and post-meiotic germ cells by fluorescence micro-scopy (Goldberg et al., 1977) and transcripts of varying lengths were isolated originally from prepubertal and adult mice (Hake et al., 1990) . Following cell sorting and Northern blot analysis of non-polysomal ribonucleoproteins (RNPs) and polysomes fractionated by density gradient centrifugation, longer transcripts (0.7-0.9 kb) were detected in polysomes isolated from the pachytene spermatocytes of adult mice where the RNA is translated. In contrast, shorter transcripts (0.6-0.75 kb) were detected in mRNPs isolated from round spermatids and prepubertal testis where the RNA is stored. The length of these transcripts appeared to be dictated by their poly-A tracts which, in turn, confer translational competence (Yiu et al., 1994) . Similarly, the testis-specific isovariant of lactate dehydrogenase (LDH-c) exists in two forms. An abundant 1.2 kb transcript is restricted to pachytene spermatocytes which express very little LDH protein. In contrast, LDH-expressing round spermatids contain abundant amounts of the 1.3 kb transcript but little of the shorter form (Fujimoto et al., 1988) . Both transcripts differ only in the lengths of their respective poly-A tracts, with the greatest amounts of the enzyme corresponding to an increase in the abundance of the longer transcript.
While longer poly-A tracts seem to be required for efficient translation in primary (meiotic) spermatocytes, post-meiotic translation is associated with polysomes containing mRNAs with markedly shortened poly-A tracts. Round spermatids, for example, transcribe RNAs for a large cohort of haploid expressed genes including the two protamines Prm1 and Prm-2 (Kleene et al., 1984 (Kleene et al., , 1989 Domenjoud et al., 1991) and the transition proteins Tp-1 and Tp-2 (Kleene, 1989) . However, protein synthesis is not apparent until shortening occurs during the elongating stages of spermatozoal formation. The reversible interaction of a germ cell-restricted phosphoprotein with the 3Ј UTRs of spermatid mRNAs is also thought to play a role in their translational regulation. For protamines, the loss of binding and subsequent translation of mRNA correlates with dephosphorylation of the bound phosphoprotein (Kwon and Hecht, 1993) .
Haploid gene expression is controlled at both the transcriptional and translational level and there is accumulating evidence that such genes are coordinately expressed. In-situ hybridization studies using RNA probes indicate that the basic DNA binding proteins, TP-1, PRM-1 and PRM-2, are coordinately expressed in round and elongating spermatids and have similar 5Ј UTRs suggesting that the same or similar transcription factors regulate their expression (Nelson and Krawetz, 1995) .These genes are also physically colocalized on human chromosome 16p13.2 (Nelson and Krawetz, 1994) as a single chromatin domain, as has been elegantly demonstrated by the transgenesis of a 40 kbp human fragment containing all three structural elements into transgenic mice (Choudhary et al., 1995) . In-situ hybridization studies demonstrated the appropriate expression of human PRM1, PRM-2 and TP-2 alongside their murine counterparts, irrespective of the insertion sites into human DNA. A recent report has shed some light on an architectural aspect of this relationship where all three component genes have been found to associate with the spermatozoal nuclear matrix in two distinct locations (Kramer and Krawetz, 1996) . Similar interactions 671 between nuclear scaffolding proteins and transcribed regions of DNA in somatic cells have been reported previously.
As automated systems become more commonplace, it is now possible to acquire sequence data rapidly from the 5Ј and 3Ј ends of clones selected more or less at random from testis cDNA libraries (Affara et al., 1994; Yuan et al., 1995) . These 'single-pass' strategies aimed at generating testis-expressed sequence tags from human and murine sources suggest that a considerable number of testis-derived genes are as yet unrecognized or uncharacterized and that many haploidexpressed genes are likely to be among them (Penttilä et al., 1995) .
Autosomal genes associated with disrupted spermiogenesis
In addition to Y-deletions, knock-out mutants have provided very useful information about the underlying roles of various autosomal genes in spermatogenesis. For example, the improper replacement of histones by transition proteins and protamines is one of the pleitotropic effects on the spermatocytes of mice in which a gene (mHR6B) involved in the ubiquitin-mediated pathway for proteolytic breakdown has been deleted (Roest, 1996) . Considering the sensitivity of spermatogenesis to hyperthermia and the role of heat-shock proteins (HSP) in protein folding and salvage (Becker and Craig, 1994) , the presence of testis-specific and somatic isoforms of HSP 70 in spermatozoa is of some interest (Allen et al., 1988; Zakeri et al., 1990) .
Immunocytochemistry has localized one of the HSP 70 family, HSP 70.2, within synaptonemal complexes in the mouse and hamster and transgenic male mice in which a complete deletion of HSP 70.2 has been achieved are infertile, exhibiting spermatogenic arrest and apoptosis during meiosis . Heat shock proteins are normally upregulated in any cell subjected to a rise in temperature of between 6°C and 10°C above ambient. Germ cells show activation of this response at slightly lower temperatures than somatic cells (Sarge et al., 1995) reflecting the cooler environment of the testis.
The dramatic effect of HSP 70.2 deletion bears a close similarity to the phenotype of mice deficient in the cyclic AMP responsive element (CRE) modulator, CREM. This transcription factor is an important mediator in all cAMP responsive pathways and is also thought to play a major regulatory role in spermatogenesis (Nantel et al., 1996) . CREM deleted mice are infertile due to spermatogenic arrest following meisois (Blendy et al., 1996; Nantel et al., 1996) . Interestingly, activity of the testis-specific variant of the angiotensin converting enzyme (ACEg) which is expressed during spermiogenesisis (Sibony et al., 1993) , is regulated via a CRE (Goraya et al., 1995; Zhou et al., 1996) . In addition to renal and cardiovascular abnormalities resulting from ACE g/s -deletion, male mice sire smaller litters than their normal counterparts and are generally sub-fertile or infertile (Krege et al., 1995; Esther et al., 1996) although there is no suggestion of oligozoospermia or decreased motility.
Many of the above genes are expressed during or following meiosis, and data from Drosophila is of particular interest as it bears directly on the process in humans despite the distant relationship with our own species (Lin et al., 1996) . Four genes, (spermatocyte arrest, cannonball, always early, meiosis I arrest) are essential for normal progression through meiosis I and spermatid differentiation. Mutations in any one of them causes a reduction in spermatocyte and post-meiotic cell populations which bears a striking similarity to the histopathological features of meiosis I maturation arrest in human males. These effects occur independently of cyclin accumulation and degradation, also essential for normal meiotic progression, suggesting that the fundamental control of meiotic processes may be conserved from flies to humans. Indeed, the coordinated expression of these genes is similar to the protamine/transition protein cluster described above, suggesting that meiotic and post-meiotically expressed genes display similar patterns of co-regulated expression across wide species gaps.
With the proviso that many cell surface components of the ejaculate spermatozoon are derived from the epididymus (Boue et al., 1996) and are therefore unlikely to be represented in the spermatozoal gene-expression programme, these data from animal models suggest that human homologues of spermatozoal genes are worthy of investigation. To date, only a few have been identified and their description has not been exhaustive. Using two-dimensional polyacrylamide gel electrophoresis (PAGE) analysis and Western blotting, we detected a human spermatozoal-specific isovariant of HSP 70 although its relationship with murine HSP 70.2 is unknown (Miller et al., 1992) . Human spermatozoa also secrete or release considerable quantities of ACEg during capacitation which is thought to be involved in acrosomal competence (Kohn et al., 1995) . Considering the crucial importance of protamines and transition proteins in the condensation of spermatozoal DNA, there have been few reports on their expression in humans except for the intriguing observation that protamines do not completely replace histones in human spermatozoa (Tanphaichitr et al., 1978) . No mutations in the PRM-1 and PRM-2 genes (including their UTRs), were detected in a study involving 34 infertile men with abnormally high values of histones in their spermatozoa, or for that matter in 10 teratoasthenozoospermic men (Schliker et al., 1994) . These data suggest that mutations in protamine genes are rarely or never associated with dysfunctional fertility although reported reductions in the levels of PRM in infertile men (Belokopytova et al., 1993) bear a phenotypic similarity to that of mHR6B knock-out mice (Roest et al., 1996) . The active human autosomal homologue of DAZ located on chromosome 3 (Saxena et al., 1996) is also an obvious choice for investigation. While knock-out experiments are not possible, information on its expression and the presence of mutations could be obtained from human testis or possibly spermatozoa, if available (see below).
Ejaculate spermatozoa as (non-invasive) biopsies of the haploid spermatid?
A major drawback to the investigation of human homologues of haploid expressed genes identified in model systems is the acute difficulty in obtaining testicular biopsies. However, data 672 is accumulating to suggest that ejaculate spermatozoa may be an effective substitute.
Historically, transcriptional activity in spermatozoa was considered unlikely in view of the highly condensed nature of the cells' chromatin and the attendant loss of cytoplasm. Suggestions that spermatozoa were transcriptionally and translationally active usually failed to take into account the mitochondria as independently transcribing units. Bovine ejaculate cells, for example, incubated with [ 32 P]-labelled tracers, incorporated radioactivity into proteins and ribonucleotides (Bhargava, 1957; Abraham and Bhargava, 1963) . Similar reports of the time were generally dismissed as artifacts of bacterial, erythrocyte or epithelial cell contamination. The suggestion that spermatozoal RNA synthesis was probably restricted to the mitochondria was based on an inability to detect such synthesis in the isolated heads of human spermatozoa (Markewitz et al., 1967) . Sole incorporation into mitochondrial 23S, 16S and 4S RNAs was finally confirmed using inorganic [ 32 P]-phosphate (Premkumar and Bhargava, 1972) and [ 3 H] uridine (MacLaughlin and Terner, 1973) as tracers although the latter were unable to distinguish between 23S or 28S rRNA species. Functional mitochondrial gene expression has been more recently demonstrated in the midpiece of isolated tails (Alcivar et al., 1989) and monitoring the ratio of nuclear (protamine) and mitochondrial (NADH dehydrogenase) gene expression in human testis has also been suggested as a useful diagnostic tool in general testis function (Krawetz et al., 1989) . Indeed, the emerging importance of mitochondrial DNA lesions in the aetiology of various human pathologies (Zeviani and Antozzi, 1997) , suggests that a proportion of male infertility, most likely linked with changes in spermatozoal motility, may also be caused by such lesions.
However, several recent reports demonstrating that intact cytoplasmic RNA survives condensation of the elongating spermatid and can be found in or around the nucleus of ejaculate cells have reopened the controversy. The presence of ribosomal, small nuclear and small cytoplasmic RNAs in ejaculate human spermatozoa was reported by Pessot et al. (1989) . In-situ hybridization or reverse transcriptionpolymerase chain reaction (RT-PCR) has detected transcripts for c-MYC (Kumar et al., 1994) , human leukocyte-associated antigen (HLA-1; Chiang et al., 1995) and β 1 integrin (Rohwedder et al., 1996) . With the original intention of using RT-PCR to look for clearance of spermatozoa in postvasectomized men, we were able to detect β-actin and PRM-2 transcripts in spermatozoa isolated by swim-up (Miller et al., 1994) . Moreover, the PRM-2 transcripts did not contain any intronic sequence suggesting that they were fully processed. We have also detected transcripts for HSP 70 and HSP 90 (unpublished data). The demonstration of transcripts for c-MYC (Kumar et al., 1993) PRM-1, PRM-2 and β-actin (Wykes et al., 1997) by the comparatively insensitive method of in-situ hybridization suggests that sufficient amounts of mRNA are present in these cells to support in-vitro translation. However, our attempts to direct translation from poly-A enriched spermatozoal RNA in a cell-free lysate have been inconclusive. Nonetheless, if the transcripts detected so far are representative of the larger cohort of haploid-expressed genes, then spermatozoa may be an untapped archive of information relating to this period in spermatogenesis. Moreover, the recent disclosure that human papilloma virus RNA can also be detected by RT-PCR in ejaculate spermatozoa (Ming-Lai et al., 1996) suggests that venereal agents which are difficult to culture may be more readily diagnosed using molecular techniques.
Meiotic inequalities, repetitive elements and the persistence of transcripts
The localization of various sperm-specific mRNAs to the nucleus of the cell is at odds with the transcriptional dormance of these cells. While the nuclear run-off experiments indicating that ram spermatozoa are transcriptionally active require confirmation (Miteva et al., 1995) , identifying a role for such activity in the ejaculate cell is very difficult. Some unknown function of spermatozoal transcripts in the oocyte seems unlikely, although it cannot be ruled out. A more plausible explanation is that these transcripts are redundant in the ejaculate cell but were originally involved in relieving the selective pressure on gene expression which is peculiar to haploid-expressing spermatids.
Unlike oocytes, spermatozoa are produced from every haploid genome generated during meiosis and must express genes during the post-meiotic stages of their development. This automatically sets up selection pressure in spermatids because they can only express genes from one or other of the original alleles. Assuming that all recombination events are not equal, how could spermatozoa balance out these differences? Clues to a possible equilibrating mechanism come from the gross disequilibrium brought about by the replication of certain autonomous selfish elements through the germ line. The murine t haplotype uses meiosis to procreate itself at the expense of the t wild-type homologue (Silver, 1993) . The t haplotype is an autonomous element located on the proximal half of chromosome 17 which is closely associated with profound variations in male fertility due to its non-mendelian mode of transmission. In essence, t ensures that all germ cells into which the wild-type allele segregates are eliminated, postmeiotically. The actual mechanism through which it realises this killer potential has not been fully elucidated, although it is thought to involve a toxic interaction between a t-haplotype factor, Tcd t , with the factor encoded by the wild-type t complex responder (Tcr ϩ ). In common with other haploid-expressed gene products, t complex factors may be able to diffuse freely across the inter-cellular cytoplasmic bridges which continue to connect individual spermatids (Dym and Fawcett, 1971; Braun et al., 1989) . On this basis it can be seen how a 'killer' factor, possibly Tcr t , synthesized by a spermatid harbouring the t haplotype, could come into contact with and disable spermatids carrying the wild-type (Tcr ϩ ) allele. Spermatids bearing the t haplotype are apparently protected from the effects of this factor by selective interaction with the t haplotype-specific responder product, (Tcr t ), derived by alternative splicing from the t complex responder locus (Cebra- Thomas et al., 1991) . The end result is that mice which are heterozygous for the haplotype (t/ϩ) invariably fail to transmit the wild-type allele to their offspring. The homozygous (t/t) 673 phenotype is frequently lethal in males, while those animals which survive through to birth are wholly infertile. Neither outcome is deleterious to the haplotype's survival because the wild-type allele is eliminated in each case. Human homologues of t locus genes have been identified, but no t-haplotype variant is present.
Other independently-regulated selfish elements can transmit themselves via the germ line and can occasionally manifest themselves in deleterious phenotypes. These are commonly referred to as interspersed repeating elements of which Alu and LINE 1 are common representatives. LINE 1 is of particular interest as it constitutes some 15% of the entire human genome although in a mostly incomplete form . LINE 1 is an autonomously replicating retrotransposon capable of integrating itself into the genome by reverse transcription and recombination in both the germ line (Branciforte and Martin, 1994) and in somatic cells. One of the element's two open reading frames codes for an endonuclease/reverse transcriptase (Mathias et al., 1991) . The other codes for a 40 kDa protein (p40) which resides within intracytoplasmic RNP particles . Recent mutations arising from deleterious LINE 1 transpositions include haemophilia (germ line insertional inactivation of the Factor VIII gene; Kazazian et al., 1988) and familial adenomatous polyposis coli, (somatic cell inactivation of the APC gene; Miki et al., 1992) .
p40 Proteins have been detected by immunocytochemistry in germ and Leydig cells of murine testis (Branciforte and Martin, 1994) and in human testis and ovary by RT-PCR, alongside transcripts for Alu (D. Miller et al., unpublished data) . Alu transcription may simply result from its frequent presence in the UTRs of many genes (Jurka and Milosavljevic, 1991) ; however, LINE 1 is rarely found within exons and expression of reverse trancriptase appears to be restricted to embryonic cell carcinomas and some malignant cell lines (Deragon et al., 1992) . Unlike the t-haplotype, there is no evidence that these retrotransposons can influence the selection of gametes into which they segregate, but it is clear that expression of an RNA-dependent DNA polymerase at a haploid stage in spermatozoal development would be more effectively utilized if either the enzyme or its transcripts could freely diffuse between (LINE 1) expressing and non-expressing cells.
Strongly persuasive evidence for post-meiotic equilibration of haploid expressed genes comes from the distribution of Prm-1 transcripts in doubly heterozygous mice carrying two Robertsonian translocations on chromosome 16 (Caldwell and Handel, 1991) . Despite the presence of chromosomal imbalances in these animals, no significant difference in the expression of Prm-1 was detected in cross-sections of the testis by in-situ hybridization. As with this elegant demonstration of post-meiotic sharing of Prm-1, it is quite likely that other haploid-expressed transcripts, particularly those which are not translated until later stages in spermiogenesis, can freely diffuse across cytoplasmic bridges to adjacent cells. In so doing, individual differences between developing spermatids would be balanced out and structural requirements for the optimal viability of all spermatozoa could be met. The t haplotype and possibly other selfish elements take advantage of this process for their own 'selfish' ends.
Moreover, there is circumstantial evidence to suggest that selfish elements, and in particular retrotransposons, may be actively involved in the continuing evolution of the sex chromosomes and autosomes. It is beyond the scope of this review to discuss the evidence for this in detail and the reader's attention is drawn to the review of Graves (1995) for this purpose. However, the presence of nine DAZ repeats and a complete internal LINE 1 element scattered within the functional autosomally originated DAZ gene and collectively flanked by Alu repeats (Saxena et al., 1996) is probably not coincidental. Neither are the multiple Alu and truncated LINE 1 elements which intersperse and surround the PRM1, PRM2 and TP2 cluster on chromosome 16p13.2, which is in all probability, a 'hot-spot' for retrotransposon activity (Nelson and Krawetz, 1994) . Furthermore, it is now thought that both sex chromosomes evolved from autosomes, and that the Y was originally homologous to the X but has been progressively degraded so that it now functions almost exclusively for sex-determination (Graves, 1995) . Retrotransposon mediated insertional inactivation of Y-linked genes is thought to have been responsible for this effect (Steinemann and Steinemann, 1997) . Considering the autosomal origins of DAZ, one might speculate that, in addition to their role in gene inactivation, retrotransposons may have facilitated and continue to facilitate the translocation of functional genes from one chromosome to another. Spermatozoal nucleoproteins and possibly other structural sperm-specific genes, with a high Alu and LINE 1 content, are perhaps the clearest indication of this process at work, as are the pathologies which arise spontaneously via LINE 1 insertional inactivation in the male germ line, as discussed earlier.
Conclusions
To date, most research into spermatogenesis has been reliant on animal models which offer more convenient and manipulative systems than are possible in either humans or our closest simian relatives. However, the human male gamete is generating considerable interest because of concerns about falling sperm counts in younger men and our need to understand more of the cellular and molecular events which are being affected. The discovery that haploid expressed genes leave impressions of their activity in the form of residual RNA in ejaculate human spermatozoa opens up a new route to the non-invasive isolation and characterization of human homologues of a number of genes, previously identified in animal models. This could be readily achieved by RT-PCR amplification of spermatozoal RNA in conjunction with degenerate primers, opening the door to their isolation and characterization from existing testis cDNA libraries. Alternatively, it should be possible to generate cDNA libraries from spermatozoal mRNAs which could be analysed using the rapid end-sequencing reactions described earlier.
Haploid expressed transcripts in terminally differentiated ejaculate spermatozoa are most likely the remnants of an equilibrating process which ensures that meiotically generated differ-674 ences in the gametes are balanced out. Transcripts persist, either because their degradation would be wasteful to the cell or because no degradative mechanism survives the condensation of the spermatid. In common with spermatozoal mitochondria which probably do not survive beyond the 4-8-cell stage in activated oocytes (Kaneda et al., 1995) , transcripts are probably degraded some time after fertilization has taken place. Further research is warranted since inter-cellular communication between haploid spermatids is probably fundamental to effective spermatogenesis and is likely to be a major factor in the distribution of genetic and environmental factors capable of suppressing sperm counts. Moreover, the male germ cell is an ideal place in which to drive the proliferation of repetitive elements and the evolutionary translocation/duplication of 'male-specific' genes such as DAZ, between chromosomes. Both of these activities are likely to be mediated by endogenous retrotransposons.
